Observational epidemiologic studies have reported an inverse association between dietary potassium intake and blood pressure (BP). 1,2 Randomized clinical trials have documented that potassium supplementation reduced BP in both hypertensive and normotensive participants. [1] [2] [3] Clinical trials have also reported that the BP-lowering effect of potassium supplementation might vary among individuals. 3 The Genetic Epidemiology Network of Salt-Sensitivity (GenSalt) study showed that BP response to potassium supplementation varied even in a homogenous Han Chinese population. These findings suggest that "potassium sensitivity" of BP might exist in humans. In addition, genetic factors might play an important role in determining the BP response to potassium intake. A moderate heritability of BP response to potassium supplementation was found in the GenSalt study. 4 Identifying the genetic variants underlying BP response to potassium intake will enhance our understanding of biological mechanisms of BP regulation and may help the development of targeted prevention and treatment strategies for hypertension.
Background
Genetic factors may influence blood pressure (BP) responses to dietary potassium intake. We examined the association of genetic variants in the apelin-APJ system and angiotensin-converting enzyme 2 (ACe2) with BP responses to potassium supplementation.
Methods
We conducted a 7-day potassium supplementation (60 mmol/day) intervention among 1,906 Chinese adults who participated in the Genetic epidemiology network of Salt-Sensitivity (GenSalt) study. Tag single-nucleotide polymorphisms (SnPs) based on HapMap data and potential functional SnPs were selected in the APLN, APLNR, and ACE2 genes. Because the ACE2 and APLN genes are located on the X chromosome, men and women were analyzed separately. 
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the release of vasopressin centrally, and functions as both an arterial and venous dilator. 6, 7 Apelins are hydrolyzed by angiotensin-converting enzyme 2 (ACE2), an enzyme which is a negative regulator of the renin-angiotensin-aldosterone system (RAAS). This is also the only degradation pathway for apelins. 8, 9 APJ knockout mice showed an increased vasopressor response to angiotensin II. 10 These facts suggest an interaction between the apelin-APJ system and RAAS. It is well-known that the RAAS plays a major role in regulating sodium and potassium balance as well as BP. In this study, we considered ACE2 an important component of the apelin-APJ system and examined the association of this system with BP response to a dietary potassium supplement among a large and homogenous sample of Han Chinese participants who took part in the GenSalt study.
Methods
Study population. The GenSalt study was conducted at six study sites located in rural areas of northern China from October 2003 to July 2005. All participants were of Han Chinese ethnicity. A community-based BP screening was conducted among persons aged 18-60 years in the study villages to identify potential probands and their families for the study. Those with mean systolic BP (SBP) between 130 and 160 mm Hg and/or diastolic BP (DBP) between 85 and 100 mm Hg and no use of antihypertensive medications and their siblings, spouses, and offspring were recruited for the dietary intervention study. Detailed eligibility criteria for the participants are presented elsewhere. 11 Individuals who had stage-2 hypertension, secondary hypertension, a history of clinical cardiovascular disease, chronic kidney disease or diabetes, used antihypertensive medications, or were pregnant, heavy alcohol users or currently on a low-sodium diet were excluded from the dietary intervention. Among the 1,906 participants eligible for dietary intervention, 1,843 (96.7%) completed the potassium supplement intervention and were included in the present analysis.
Institutional review boards at all participating institutes approved the GenSalt study. Written informed consent for the baseline observation and for the intervention program was obtained from each participant.
Potassium supplementation intervention. The GenSalt dietary intervention has been described previously. 9 The GenSalt study participants were given a high-sodium diet (18 g of salt or 307.8 mmol of sodium per day) for 7 days followed by a 60 mmol potassium-supplementation while continuing on the high-sodium diet for another 7 days. One potassium pill (20 mmol potassium) was given during breakfast, lunch, and dinner. To ensure compliance to the intervention program, study participants were required to eat their breakfast, lunch, and dinner at the study kitchen under supervision of the study staff during the entire study period. The study participants were instructed to avoid consuming any foods that were not provided by the study. In addition, three timed urinary specimens (one 24-h and two overnight) were collected at baseline and in each phase of intervention (days 5, 6, and 7) to monitor participants' compliance to dietary sodium and potassium intervention. The timed overnight urinary excretions of sodium and potassium were converted to 24-h values based on a formula developed from data in this study. The results from the 24-h urinary excretions of sodium and potassium showed excellent compliance with the study diet: the mean (s.d.) 24-h urinary excretions of sodium and potassium were 242.4 (66.7) mmol and 36.9 (9.6) mmol at baseline, 244.3 (37.7) and 35.7 (7.5) during the high-sodium intervention, and 251.9 (36.9) and 77. 3 (12.6) during the potassium intervention, respectively.
Phenotype measurement. A standard questionnaire was administered by trained staff at the baseline examination to collect information on family structure, demographic characteristics, personal and family medical history, and lifestyle risk factors. Body weight, height, and waist circumference were measured twice during the baseline examination. Three BP measurements were obtained each morning of the 3-day baseline observation and on days 5, 6, and 7 of each intervention period by the trained and certified observers using a randomzero sphygmomanometer according to a standard protocol. 12 BP was measured with the participant in the seated position after resting for 5 min. In addition, participants were advised to avoid alcohol, cigarette smoking, coffee/tea, and exercise for at least 30 min before their measurement.
Mean BP response to the potassium supplement was calculated as the mean of nine measurements on days 5, 6, and 7 during the potassium supplementation intervention minus the mean of nine measurements on days 5, 6, and 7 during highsodium intervention.
Single-nucleotide polymorphism (SNP) selection and genotyping. Both the apelin coding gene (APLN) and ACE2 are located on the X chromosome, whereas the APJ coding gene (APLNR) is located on chromosome 11. TagSNPs from these three genes were selected based on empirical patterns of linkage disequilibrium (LD) structure in the Chinese Han of Beijing (CHB) HapMap sample using Tagger software. We also included SNPs which were previously reported to be associated with BP or hypertension. SNPs were genotyped using SNPlex assays (Applied Biosystems, Foster City, CA) based on oligonucleotide ligation assay for capillary electrophoresis on ABI 3700 DNA analyzers (Applied Biosystems). To provide better coverage of the candidate genes, we included additional SNPs genotyped on the Affymetrix 6.0 platform (Affymetrix, Santa Clara, CA), which were not captured by the SNPlex SNPs. Functional SNPs from this platform, identified via Washington University's SNPseek website (http:// snp.wustl.edu/cgi-bin/SNPseek/index.cgi), were also selected. A total of 19 SNPs (15 SNPlex SNPs and 4 Affymetrix SNPs) were analyzed in the present study ( Table 1) .
Statistical analyses. Baseline characteristics and BP response variables of intervention participants were summarized as means and Standard deviations for continuous variables and as percentages for categorical variables. The statistical significance of differences between men and women were examined by t-test or χ 2 -test.
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The Mendelian consistency of the SNP genotype data was assessed by PLINK and PedCheck. 13, 14 We used Haploview software (version 4.0) to test Hardy-Weinberg equilibrium for each SNP and estimate the extent of pairwise LD between SNPs. 15 The confidence intervals (CIs) method implemented in the Haploview software was used to define LD blocks. 16 The most likely haplotypes within each block for individuals were inferred using MERLIN. 17 Both single-SNP-based and haplotype-based association analyses were conducted using linear mixed models. A sandwich estimator was used to account for the nonindependence of family members. This method assumes the same degree of dependency among all family members. Additive genetic models were assumed in both single SNP and haplotype analyses. Multivariable analyses adjusted for covariables including age, gender, BP measurement, room temperature, and study site. A gender-stratified analysis was conducted for those SNPs located on the X chromosome. The mean effect size and 95% CI were also calculated for each genotype and haplotype using mixed models. The Benjamini and Hochberg false discovery rate (FDR) method was used to adjust for multiple comparisons. 18 The FDR q value is defined as the expected proportion of the rejected null hypotheses which are erroneously rejected. We used the Proc Multtest procedure, along with its FDR option, in SAS (version 9.1; SAS Institute, Cary, NC) to calculate q values. A q value of 0.05 was used as the threshold for statistical significance in our study. Table 2 shows the baseline characteristics of study participants and BP responses to the potassium supplementation, as well as the BP levels before and during potassium supplementation which were used to calculate the BP responses. Male participants were significantly older, had lower body mass index and higher SBP, DBP, and mean arterial pressure (MAP) compared to their female counterparts. BP levels were reduced in response to the potassium supplement for both men and women. Women had a larger mean DBP response to the potassium supplement than men (−1.7 mm Hg vs. −1.2 mm Hg, P = 0.02), whereas SBP and MAP responses were not significantly different between genders.
No SNP deviated from Hardy-Weinberg equilibrium after adjustment for multiple comparisons using the FDR method (all q values >0.05). SNPs which were significantly associated with BP responses are shown in Table 3 . Among women, SNP rs2235306 of the APLN gene was significantly associated with DBP response to the potassium supplement (P = 0.0009). Each additional copy of the minor C allele was associated with a decreased DBP response to the potassium intervention. DBP responses (95% CI) among women with genotypes T/T, C/T, and C/C were −2. original contributions
to the potassium supplement in men (P = 0.0001, P = 0.001, and P = 3.0 × 10 −6 for SBP, DBP, and MAP responses, respectively). Compared to men with the major C allele, those with the minor G allele had decreased BP reductions due to the potassium supplement. rs879922 and rs4646140 were also significantly associated with SBP and MAP responses. We did not observe any association between the analyzed SNPs in the APLNR gene and BP responses to the potassium supplement.
We also performed haplotype analysis of the three genes based on their LD block structure, as defined by Haploview software (Figure 1) . A total of 4 LD blocks and 12 common haplotypes with frequencies >0.05 was found in these genes. In women, haplotypes T-T and C-G within LD block 2 (rs2235306-rs3761581) of the APLN gene were significantly associated with DBP and MAP responses ( Table 4) . In addition, haplotype C-C of LD block 1 (rs2074192-rs714205) in the ACE2 gene was significantly associated with the DBP and MAP responses to the potassium supplement in men. However, none of the haplotypes remained significant after correction for multiple comparisons.
discussion
In this study, we present novel findings of an association between genetic variants in the APLN and ACE2 genes and BP responses to potassium supplementation. These findings not only indicate the existence of a genetic component underlying BP response to potassium supplementation, but also provide further clues for the mechanisms of the apelin-APJ system in BP regulation.
Our study is the first investigation to examine the genetic component underlying BP response to potassium supplementation. Although it is already known that BP response to potassium supplementation could be influenced by age, gender, race, sodium intake, and genetic factors, 3, 4 no study has been conducted to investigate the candidate genes for potassium-sensitivity of BP. In addition, our study has several other strengths. First, BP response to potassium supplementation was measured under a controlled dietary salt intake, which should minimize the confounding caused by the BP effect of sodium. Second, the large and homogenous Han population should increase study power and internal validity. Finally, the application of complementary SNP selection strategies, tagSNP original contributions
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and potentially functional SNPs, enabled a comprehensive analysis of the genetic variants of these candidate genes. The potential mechanisms of the apelin-APJ system on BP regulation are not fully understood. Previous studies have suggested that apelin can activate endothelial nitric oxide synthase and cause nitric oxide-mediated arterial vasodilatation. 19 On the other hand, apelin can directly activate APJ receptors on vascular smooth muscle cells leading to vasoconstriction, although this effect is outweighed by stimulation of local nitric oxide production. 19 Furthermore, apelin in the rostral ventrolateral medulla can increase sympathetic nerve activity and BP. 20 Apelin acts as a potent diuretic neuropeptide counteracting arginine vasopressin actions through inhibition of arginine vasopressin neuron activity and arginine vasopressin release. 21 Apelin regulates body adiposity, stimulates glucose utilization, and increases insulin sensitivity. 22 The apelin-APJ system interacts with the RAAS, which has been well known to be an important regulator of BP as well as fluid and electrolyte balance. Potassium has been involved in most of these biologic mechanisms of BP regulation. 23, 24 ACE2, an important member of the RAAS, is a type I transmembrane metallopeptidase and cleaves a single C-terminal residue from a distinct range of substrates. One such substrate is angiotensin II, which is hydrolyzed by ACE2 to peptide angio tensin 1-7. Angiotensin 1-7 is a potentially important peptide for its vasodilatory, antifibrotic, and natriuretic effects. 25 Studies also showed that intrarenal angiotensin 1-7 might be involved in the regulation of salt and water excretion. 26, 27 Interestingly, ACE2 is also the only known degradation pathway of apelin peptides. This further highlights the interaction between the apelin-APJ system and the RAAS.
In this study, we identified an intronic SNP of the APLN gene, rs2235306, which was significantly associated with DBP response to the potassium supplement in women. Although original contributions
not statistically significant, a similar trend in the association with SBP response was also observed. The previous studies have reported that the associations of genetic variants with SBP and DBP were not entirely consistent and suggested that the shared as well as separated mechanisms might be involved in SBP and DBP regulation. 28 Compared to single marker results, the haplotype containing rs2235306 was not as strongly associated with BP responses. We've considered three potential reasons for the lack of a haplotype-phenotype association. First, it is possible that the FDR method used for correction of multiple comparisons may be too conservative for haplotype analysis. Secondly, lack of haplotype-phenotype association is possible when the association between markers and a phenotype is truly driven by a single SNP. 29 Finally, the imprecise nature of haplotype inference may decrease the power to detect haplotype-phenotype association. We also found three intronic SNPs in the ACE2 gene, rs4646174, rs879922, and rs4646140, that were significantly associated with BP responses in single marker analyses. These intronic SNPs could be in LD with the actual risk variants which were not tested in our study. However, there is evidence supporting the functional importance of intronic polymorphisms in the cause of complex disorders. 30, 31 Reference of the SNPseek database suggests that rs2235306 and rs4646174 are located in a gene region of regulatory potential, which indicates that these SNPs could influence gene transcription. Because the minor allele frequencies of these three SNPs are relatively low, between 1 and 5%, independent replication of these results is warranted.
Neither individual SNPs nor haplotypes of APLNR showed significant associations with BP responses to potassium supplementation. There are few association studies that have examined the association between the APLNR gene and human diseases. Recently, Li et al. reported that rs7119375 was significantly associated with hypertension after correcting for age and gender in Han Chinese. 32 Two other studies found genetic variants of APLNR to be associated with stroke and heart failure progression in idiopathic dilated cardiomyopathy patients, respectively. 33, 34 However, the association between APLNR and BP responses to potassium supplementation has never been studied. Further studies of this gene and BP or hypertension are warranted.
In this study, the ACE2 and APLN genes were related to BP response to potassium in a gender-specific manner. Genetic variants of ACE2 had a significant effect on BP response in men, not in women. For the APLN gene, conversely, the effect on BP response was significant in women but not in men. It is possible that these two genes have different effects on men and women because they are both located on the X chromosome. Other genetic studies have reported the gender-specific effect of ACE2 in human diseases. For example, Yang and colleagues conducted a case-control study and reported that in women, genetic variants of the ACE2 gene were associated with myocardial infarction. 35 It was also reported that the original contributions
ACE2 gene was associated with parameters of left ventricular hypertrophy only in men. 36 In addition, the mechanisms underlying BP response to potassium may be different between men and women. It is already known that the biochemical changes in the RAAS related to estrogen status can explain some of the differences in the cardiovascular systems of men and women. 37 Estrogen has been reported to contribute to a gender difference in plasma potassium concentrations. 38 This difference between genders may also be the result of different genes or different effect sizes of single genes involved in BP response to potassium supplementation for men and women. Our findings warrant future research into gender differences in the genetic mechanisms of BP responses to potassium supplementation. In summary, the present study indicated that genetic variants in the APLN and ACE2 genes were associated with BP responses to potassium supplementation in a Han Chinese population. These findings may have important clinical and public health implications, but further work is needed. Although these genes have been associated with BP in previous studies, independent replication of their association with potassium sensitivity of BP is necessary. In addition, future studies of these candidate genes are warranted to identify specific causal variants and their functions.
